T he use of controlled hypotension during shoulder arthroscopy with the patient in the beach-chair position is a commonly employed technique with the theoretical benefits of better visualization, decreased blood loss, and shorter operative times 1 . However, there is controversy about the parameters for the safe administration of controlled hypotension to avoid cerebral ischemia. Current expert opinion in the anesthesia literature advocates an overall systolic blood pressure reduction to no lower than 90 mm Hg and maximum reductions of both systolic blood pressure and mean arterial pressure by no more than 20% of a patient's baseline values to maintain adequate cerebral perfusion and prevent catastrophic events such as cerebral ischemia 2, 3 . These recommendations, however, are based on theoretical considerations and case reports rather than data from clinical studies.
The use of electroencephalography is the most sensitive way to monitor for cerebral ischemia in the perioperative and intensive-care-unit setting [4] [5] [6] [7] . However, to our knowledge, no prospective study has been performed to evaluate the safety of controlled hypotension with electroencephalographic monitoring during shoulder surgery with patients in the beach-chair position.
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shoulder arthroscopy in the beach-chair position with the use of continuous electroencephalographic monitoring. Catastrophic cerebral ischemia in the setting of shoulder surgery is uncommon in both the literature 8 and our anecdotal experience. Thus, we hypothesized that a decrease in blood pressure greater than that recommended by current expert opinion would not be accompanied by evidence of intraoperative cerebral ischemia during, or postoperative neurological sequelae following, shoulder arthroscopy in the beach-chair position.
Materials and Methods
A fter approval was granted by our institutional review board, a prospective cohort of fifty-two patients was enrolled into this study. A preoperative power analysis was not performed. Inclusion criteria included all male and female patients at least eighteen years of age who were scheduled to undergo arthroscopic shoulder surgery in the beach-chair position. Exclusion criteria included pregnancy, an age of less than eighteen years, conversion to an open procedure, and refusal to participate in the study. Fourteen patients declined participation in the study. No patient was excluded from the study because of any medical comorbidity (see Appendix), including hypertension, which was defined as a systolic blood pressure of >130 mm Hg or a diastolic blood pressure of >90 mm Hg. All patients had blood pressure measurements obtained from the upper extremity in the clinic preoperatively and again on the day of surgery. In the preoperative waiting area, all patients received a Mini-Mental State Examination (MMSE) 9 , which is a battery of interview-based questions used to assess multiple areas of cortical function such as attention, expressive language, receptive language, attention, short-term memory, and visuospatial perception. Incorrect responses to select items on the battery correlate with dysfunction of specific cortical regions that may be subject to hypoperfusion injury. This test was administered by anesthesia staff trained and skilled in its interpretation. The MMSE (as opposed to other neurological examinations) was chosen by our multidisciplinary team because it is widely used by the neurological community to discern mental status changes. Patients also had placement of scalp electroencephalography electrodes (Cleveland Biomedical, Cleveland, Ohio) and baseline multichannel electroencephalography performed prior to surgery. All patients received a preoperative American Society of Anesthesiologists (ASA) grade from the attending anesthesiologist. Standard ASA monitors and a ten-lead portable electroencephalography monitor (NeuroMEDIC; NeuroWave, Cleveland, Ohio) were placed on the arm or body outside the operative field prior to induction of anesthesia, with careful attention paid to appropriate blood-pressure-cuff sizing.
Beach-chair positioning at 60°from the horizontal was achieved with the use of a dedicated beach-chair table with a head attachment for all patients. The arthroscopic pump was set at 50 mm Hg, and no epinephrine was introduced into the fluid. Anesthesia was induced with propofol and maintained at ½ to 1 minimal alveolar concentration of inhaled anesthetic agent via either a laryngeal mask airway or an endotracheal tube. The preoperative interscalene block was successful in all patients. The target systolic blood pressure of 90 to 100 mm Hg was achieved with the combination of beach-chair positioning, the effects of the interscalene block, and titration of an inhaled anesthetic agent. Only one patient required an additional vasoactive agent (labetalol) for further reduction of systolic blood pressure into the target range. Bolus administration of medications that affected electroencephalographic analysis was avoided during the procedure. All instances of electrocautery, hammering, drug administration, and patient manipulation were recorded for critical evaluation of all electroencephalographic data during the post hoc analysis. Blood pressure was recorded at two-minute intervals by an integrated anesthesia-monitoring computer.
Real-time electroencephalographic monitoring was performed by an attending-level neurophysiologist. Cerebral ischemia was defined as a focal or generalized slowing pattern or reduction in overall electroencephalographic amplitude. Decreasing cerebral blood flow is first compensated for by cerebral autoregulation and increased oxygen extraction from hemoglobin. As cerebral blood flow drops further, there is a sequence of electroencephalographic changes that reflect impaired brain cell function, ranging from morphologic changes to burst suppression to an isoelectric electroencephalogram. If these changes persist, brain cell damage or death may occur. If electroencephalographic evidence of cerebral ischemia was detected, the anesthesia team was notified immediately, and the systolic blood pressure was raised until cerebral ischemia was no longer evident. A neurological examination was performed at the first postoperative visit to determine the effects of any intraoperative ischemic events.
All blood pressure measurements were categorized as to whether or not they violated the suggested guidelines of maintaining the systolic blood pressure at >90 mm Hg and maintaining both the mean arterial pressure and the systolic blood pressure within 20% of baseline values 3 . The baseline systolic blood pressure of each patient, which was the measurement obtained preoperatively in the clinic or in the preadmission testing clinic, was determined from the medical record. All measurements were correlated with any electroencephalographic changes that occurred intraoperatively.
Statistical Analysis
A descriptive analysis of each of several variables (comparing patients with documented intraoperative cerebral ischemia with those who had no electroencephalographic evidence of intraoperative cerebral ischemia) was performed because of the low number of patients with documented intraoperative electroencephalographic changes. The relationship of sex, ASA score, and the presence of medical comorbidities with intraoperative cerebral ischemia was examined with use of the Fisher exact test. The data for ASA score were pooled into two categories: ASA grade 1, or ASA grade 2 or 3. For age, the sample mean and its 95% confidence interval (95% CI) are shown for the two groups, those with and those without an ischemic event. For body mass index (BMI), the median and the interquartile range (IQR) are shown for the two groups as its distribution was too skewed for the sample mean and 95% CI to be appropriate.
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Results

F
ifty-two patients with a mean age of 52.1 ± 12.7 years, median BMI of 28.9 ± 12.7, mean ASA score of 2.20 ± 0.57 (median = 2), mean preoperative systolic blood pressure of 136.5 ± 16.2 mm Hg, and mean preoperative diastolic blood pressure of 82.1 ± 9.6 mm Hg were enrolled in the study (Table I) . The average duration of the surgery was seventy minutes (range, fifty-one to 166 minutes). All fifty-two patients violated at least one of the three blood-pressure-maintenance recommendations, meaning that they had either a drop in systolic blood pressure to <90 mm Hg (thirty patients), a >20% drop in systolic blood pressure (forty-seven patients), or a >20% drop in mean arterial pressure (fifty-one patients). Forty-six patients violated more than one recommendation. Three of the fifty-two patients sustained events that were associated with electroencephalographic evidence of intraoperative ischemia (Table II) . There were no adverse neurological sequelae in any patient based on the postoperative MMSE. Results, including the duration of violations and associated ischemia, are reported in Table III. Overall, the percentage decrease in systolic blood pressure and mean arterial pressure for the fifty-two patients was a mean of 36% and 42%, respectively (95% CI: 32.40% to 38.72% and 95% CI: 38.20% to 45.65%, respectively). In the patients who did not sustain an ischemic event, the mean percentage drop in systolic blood pressure and mean arterial pressure was 35% and 41.5%, respectively (95% CI: 31.64% to 38.14% and 95% CI: 37.61% to 45.40%, respectively). In the *Blood pressure readings were performed at two to five-minute intervals. The values are given as the number of instances unless otherwise indicated. †An instance in which more than one guideline was violated was considered to be one violation. ‡The total number of readings in which simultaneous electroencephalographic evidence of ischemia was noted.
patients who did demonstrate evidence of an ischemic event on electroencephalography, the mean percentage drop in systolic blood pressure and mean arterial pressure were 47% and 49%, respectively (95% CI: 35.15% to 57.91% and 95% CI: 26.84% to 70.69% , respectively) ( Figs. 1 and 2 ). All patients with documented ischemia experienced systolic blood pressure Cerebral ischemia as a function of the percent drop in systolic blood pressure (SBP). Cerebral ischemia as a function of the percent drop in mean arterial pressure (MAP).
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T 18, 2012 of <90 mm Hg, whereas twenty-seven patients tolerated a systolic blood pressure of <90 mm Hg without evidence of ischemia. Because of the relative rarity of ischemia, meaningful statistical analysis of the effect of a number of variables on the occurrence of ischemia was not possible.
The predictive quality of the recommended blood pressure parameters was analyzed. There was a higher correlation of ischemic events with violations due to a failure to maintain systolic blood pressure above 90 mm Hg, despite not reaching significance (p = 0.184) (Table IV) .
Discussion
T he beach-chair position is used commonly in arthroscopic shoulder procedures and has been implicated as an independent risk factor for cerebral ischemia during surgery 2, 4, 5, 10 . Expert-opinion recommendations regarding blood-pressurereduction limits have been made by prominent anesthesiologists to minimize the risk of cerebrovascular insults to the patient 3, 11, 12 , but there is little clinical evidence other than case reports and theoretical considerations to support these guidelines. To our knowledge, ours is the first prospective study on the effects of controlled hypotension on the risk of cerebral ischemia during shoulder arthroscopy with the patient in the beach-chair position with use of continuous electroencephalographic monitoring. Our data suggest that patients may be able to tolerate a greater drop in blood pressure than indicated by current recommendations, as a mean short-term maximum reduction of 35% in systolic blood pressure and a 42% reduction in the mean arterial pressure resulted in no electroencephalographic changes in our patient cohort. Patients who demonstrated evidence of cerebral ischemia on intraoperative electroencephalographic monitoring showed a trend toward greater reductions in systolic blood pressure and mean arterial pressure compared with the patients who showed no evidence of intraoperative ischemia; these findings support the idea that a blood pressure threshold exists. All ischemic events resolved with blood pressure elevation, and none resulted in any clinically identifiable neurological sequelae based on MMSE.
There is a known change in blood pressure that occurs in patients placed in the beach-chair position. However, the effect of the sitting position on cerebral perfusion is highly controversial and has been the subject of much public debate 3, [11] [12] [13] . It is believed that cerebral perfusion pressure decreases proportional to the elevation of the head relative to the heart in patients sitting upright. In a recent study, Murphy et al. 13 , utilizing cerebral oximetry, found that approximately 80% of patients experienced a drop in cerebral oxygenation when moving from the supine to the sitting position, even when systolic blood pressure was kept within 20% of baseline. However, the authors of that study acknowledged that many factors can affect cerebral oximetry, including the relative composition of arterial and venous blood being assessed in each position. Our findings based on electroencephalographic monitoring suggest that the incidence of cerebral oximetry changes may not correlate with the occurrence of cerebral ischemia, given the high incidence of cerebral oximetry changes in the study by Murphy et al. but the comparatively low incidence of reversible cerebral ischemia demonstrated by electroencephalographic monitoring in our study. In theory, the combination of controlled hypotension and the sitting position can lead to undetected cerebral ischemia in an anesthetized patient undergoing arthroscopic shoulder surgery in the beach-chair position [14] [15] [16] . More work needs to be done as this theoretical risk of ischemia has not been convincingly validated in clinical studies and the present study was limited in that only three occurrences of reversible ischemia were detected by electroencephalography.
In 2005, Pohl and Cullen reported on a case series of four patients who demonstrated various degrees of neurological compromise following shoulder surgery in the beach-chair position 2 .
They noted the dangers of deliberate hypotension in the upright position and suggested a multitude of contributory factors ranging from improper placement of the blood pressure cuff to incorrect head positioning. There were numerous limitations to the study, but it clearly highlighted the need for clarification of the guidelines surrounding the use of deliberate hypotension in the beach-chair position.
Papadonikolakis et al. 17 recently discussed the interpretation of blood pressure during induced hypotension to avoid iatrogenic cerebral hypoperfusion, but no definitive guidelines could be determined. In our study, no patient whose systolic blood pressure remained above 90 mm Hg sustained an ischemic event. Of note, the target systolic blood pressure for this study was 90 to 100 mm Hg, and instances of systolic blood pressure of <90 mm Hg would have been corrected irrespective of electroencephalographic changes. However, blood pressure titration is inexact and instances of ''overshoot'' in blood pressure reduction should be expected when controlled hypotension is attempted. This study also suggests that patients who experienced an ischemic event were more likely to have had greater percentage decreases in their systolic blood pressure and mean arterial pressure than patients without an ischemic event. The findings of our study were consistent with the established blood pressure guidelines for eliminating ischemic events intraoperatively. However, the findings suggest that these guidelines may be too stringent. Because of the rarity of catastrophic events related to intraoperative cerebral ischemia, more work needs to be done to elucidate the role of blood pressure monitoring in the prediction of cerebral ischemia in patients undergoing shoulder surgery in the beach-chair position. Electroencephalography is one of the most commonly used modalities for intraoperative neuromonitoring [4] [5] [6] [7] 14 . Various forms of electroencephalography have been studied for the detection of cerebral ischemia, and they have shown good sensitivity and reproducibility 5, 6 . In our study, a trained neurophysiologist performed real-time and post hoc interpretation of the electroencephalographic data to minimize false-negative rates for ischemia detection and to immediately implement interventions to correct cerebral ischemia when it occurred. Other currently available monitors available for aiding in the detection of cerebral ischemia have substantial limitations. Although use of indwelling arterial catheters is an excellent way to monitor peripheral blood pressure and, in the setting of normal intracranial pressure, the results can correlate with those of cerebral perfusion, they are more invasive than external monitors. Regional cerebral oximetry has also been described for monitoring of cerebral ischemia, and it is an attractive option secondary to its relatively lower cost and simplicity of use. However, in a recent review of the literature, Smith and Elwell found this technology to be unproven for detecting cerebral ischemia 18 . In addition, Friedell et al. showed that regional cerebral oximetry did not correlate with, or add new information to, electroencephalography and somatosensory evoked potentials (SSEPs) during carotid endarterectomy 14 . Others have examined transcranial Doppler ultrasound in an attempt to find more accurate modalities for detecting cerebral ischemia, but these studies have been limited because of technical difficulty of the monitoring 19 or because it could not be performed on 10% to 15% of the population due to the absence of a temporal bone window 20 . In addition, transcranial Doppler ultrasound only monitors flow within specific arteries and provides no information regarding cerebral ischemia or perfusion 19, 20 . SSEPs only give information about one part of the brain and are not a measure of global ischemia, and are therefore of limited use during shoulder surgery in the beach-chair position 14 . It is clear from these studies that electroencephalography remains the gold standard for monitoring cerebral ischemia when used by those highly skilled in the interpretation of its results. Although continuous electroencephalographic monitoring is time-consuming and requires highly trained analysts, it remains the most reliable monitor of cerebral ischemia in anesthetized patients undergoing controlled hypotension during surgery in the beach-chair position.
There are several limitations to this study. One is the relatively short follow-up in this cohort for the detection of neurological sequelae. However, there is no reason to believe that these sequelae would appear after the initial postoperative period. Additionally, the small number of patients who experienced electroencephalographic changes in this prospective cohort limited the power and statistical methods as well as the conclusions that could be drawn from our study population. Another limitation is the lack of a control group such as a cohort of patients who received an operation in a sitting position with maintenance of normal blood pressure or in the supine position with controlled hypotension. In a recent article by Friedman et al. 8 , the relationship between patient positioning and the incidence of cerebrovascular events was estimated after a survey was sent to orthopaedic shoulder surgeons who self-reported their complications. Approximately 200,000 shoulder surgical procedures had been performed by the surgeons who returned the survey. Although Friedman et al. found no significant difference in the incidence of events between the lateral decubitus position and the beach-chair position, no cerebrovascular events occurred in patients undergoing a procedure in the lateral position while eight events occurred in those in the beach-chair position. The overall risk of a cerebrovascular event was 0.003%, highlighting the difficulty in studying controlled hypotension with a cerebrovascular event as the end point. Thus, the use of a system such as electroencephalography, which can detect earlier cerebral ischemic changes, for intraoperative monitoring may be warranted in addition to setting clear blood pressure guidelines to prevent catastrophic cerebrovascular events.
In conclusion, the results of this study suggest that patients may be able to tolerate greater reductions in blood pressure during arthroscopic shoulder surgery performed in the beachchair position than are currently allowed by guidelines based on expert opinion 3, 11 . This finding is important because the use of controlled hypotension leads to better visualization, to minimize surgical time, and maximizes the potential for successful surgical repair. According to the findings of previous studies and case reports, however, controlled hypotension in the beach-chair position may increase the risk of catastrophic neurological outcomes in some patients. Further research is required to understand which patients are at highest risk for cerebral ischemia during shoulder surgery in the beach-chair position and the role of neuromonitoring during these procedures.
